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That shows the need for high-quality dwell time prediction models. In a literature study (1) , it was found that most of these prediction models (2) (3) (4) (5) (6) are regression dwell time models, focusing on relating dwell time to the number of boarding and alighting passengers. Although this regression approach appears to explain a large part of the measured dwell times, its generalizability (e.g., for trains with different numbers of cars, different rolling stock, or different services) is rather limited. Flow capacity models [e.g., Heinz (7 )] take into account behavioral aspects of boarding and alighting and distributions of passengers. However, these models are restricted by including only two parameters describing the boarding and alighting environment: the height difference between platform and vehicle floor and the door width. The aim in this paper is to derive more detailed prediction models for timetable designs and develop instruments for dwell time management that can be applied for the European situation.
Observations of Wiggenraad (8) show that more than 60% of the dwell time of Dutch railroad vehicles (and in 50% of the observations, more than 80%) is used for passenger boarding and alighting. Therefore, first, insights must be increased into passenger behavior during boarding and alighting, including more parameters than those mentioned above.
In the literature, two different types of approaches have been shown for collecting pedestrian data: field surveys (empirical research) and laboratory experiments (experimental research). Field surveys (7) (8) (9) involve collecting data from real-life situations, requiring researchers to directly take measurements at observation sites. This approach enables observations of real traffic behavior with a representative sample population if both the observation period and the location are carefully selected. However, because the observations are conducted in a real-world environment, the researcher cannot control external factors such as flow sizes and flow directions. In addition, conditions of the observation sites (such as the infrastructure layout), which may have unexpected influences on the studied behavior, also form constraints to the observation.
Unlike in field surveys, the idea of performing pedestrian experiments (10, 11) is to reproduce certain pedestrian behaviors or phenomena under well-defined laboratory conditions. On the basis of research interests, researchers determine both the controlled and noncontrolled variables of the experiments. It is the direct relation with research questions that makes laboratory experiments useful instruments, especially when the investigated behavior hardly occurs in practice (e.g., evacuation). However, attention must be paid to avoid bias resulting from an unrepresentative population and to evoke realistic behavior (e.g., desired speeds and acceptable densities) under an artificial environment.
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Vehicle dwell time is an important determinant of the system performance and passenger service quality of public transport systems. Adequate prediction models for vehicle dwell time are required in timetable planning and in pedestrian simulation tools to optimize station design and rolling stock design. Because most of the dwell time is consumed by boarding and alighting, this paper focuses on increasing insight into boarding and alighting behavior in railroad vehicles by performing laboratory experiments using video cameras. The experiments test the effects of the physical environment (stepping gap, height difference, and door width), population (age, gender), flow composition (direction, time pressure, luggage, boarding group size, boarding ratio, queuing discipline), and prevailing traffic conditions (crowding on board and crowding on the platform). From the video images, pedestrian trajectories (movements over time) have been derived. This paper describes the effects of the size of the horizontal and vertical gap and the presence of luggage on the door capacity. Door capacities have been estimated by using headway distributions and cumulative curves. Increasing the horizontal and vertical gap leads to decreases in the capacity (up to 15%). When passengers with luggage (suitcases) are present, the capacity decreases more (up to 25%).
Vehicle dwell time is an important determinant of system performance and the passenger service quality of public transport systems. It is a part of vehicle running time and has a large influence on operational speed. Particularly for frequent services, the vehicle dwell time becomes a major component of vehicle headways and causes constraints to the system capacity. For systems operating according to timetables, the length of a scheduled dwell is determined by, for example, passenger loads, train and infrastructure characteristics, arrival and departure process, and scheduled connections. Dwell delays at a stop can initiate delay propagations in the network. Consequences of these kinds of perturbations may include vehicle delays, vehicle bunching, and longer waiting times for passengers. Thus, good control of dwell times is a significant factor in providing reliable, high-quality services for passengers.
For the planning of a timetable, that implies that the included dwell times should be reliable, that is, the realized dwell times should correspond to the predicted times. Accurately predicted dwell times To collect passenger boarding and alighting data in the Dutch railroad context, laboratory experiments are thought to be more effective, efficient, and promising solutions than field surveys. The large variation of factors influencing boarding and alighting behavior (i.e., passenger, platform, vehicle, and crowding) existing in the Dutch context increases the difficulty of examining the net effect of a specific factor. Laboratory experiments provide opportunities to study various conditions (e.g., train-platform interface designs) effectively and efficiently with well-designed experiments and laboratories. Generally, fare collection for train trips does not take place on the platform or in the vehicle, but in the station hall. The fare collection method is therefore not taken into account in the experiments presented here. This paper describes the setup and performance of these laboratory experiments as well as some first analyses of the observed data.
SETUP OF LABORATORY EXPERIMENTS
The literature study (1) shows that many factors influence the boarding and alighting times of individual passengers. The research questions, based on the blank spots in knowledge identified in the literature study, are limited to the following:
• How do passengers board or alight from a train in general (e.g., boarding and alighting time distribution, space use around doorways, and queuing behavior)?
• What are the influences of rolling stock (e.g., doorway configuration) on boarding and alighting times?
• Do passengers behave differently when they are traveling with a lower or higher time pressure?
• What is the variation of the boarding and alighting behavior (e.g., boarding time) among passengers with different characteristics (e.g., age, gender, and luggage)?
• What is the interaction between boarding and alighting groups, and what are the influences on boarding and alighting capacities (e.g., priority of movement, cultural influence)?
• What is the effect of crowding, both on board and on the platform?
Two types of variables are distinguished for the experimental setup, namely, experimental variables and context variables. Experimental variables are systematically changed by the researcher during the experiments to isolate and describe their influence in the system. Context variables are variables that cannot be influenced by the research, but these do influence the system performance. The research questions lead to a short list of experimental variables, shown in Table 1 . Variables 1 to 3 in Table 1 define the physical barriers passengers need to overcome to board or alight from a vehicle. Figure 1 illustrates a typical configuration of those kinds of physical barriers as well as some examples from Dutch practice. The accessibility to and from vehicles is affected largely by the horizontal gap between platform edges and the lowest doorway or auxiliary step (g), total height difference between vehicle floors and platforms (H), and door width.
The test ranges of these three variables are determined on the basis of the design guidelines formulated by the European Commission (12) and the current practice of Dutch railways (e.g., rolling stock types). A minimal horizontal gap size of 5 cm meets the construction allowance (dynamic train movements) and the requirements of wheelchair users; a gap size of 30 cm is the maximum accepted gap recommended for designing for people who are physically impaired (12) . Currently, passengers of European railway systems need to overcome zero to four steps when boarding or alighting from trains (see Figure 1 ). This is translated into a total height difference of 5 cm (0 steps, level entrance), 20 cm (1 step), 40 cm (2 steps), and 60 cm (3 steps) in the experimental design. Three different door widths (80, 130, and 190 cm) are commonly used in current train vehicle design. Theoretically, those three door sizes allow the passing of one, two, and three passengers side by side at the same time, respectively.
Variables 4 to 9 in Table 1 concern the characteristics of passenger flows. The movement direction indicates whether passengers are boarding or alighting. The direction influences the direction in which the height different has to be overcome (boarding corresponds to an upward direction because the vehicle floor is nearly always higher than the platform) and the space available (usually space is restricted inside a vehicle). With respect to time pressure, three different stress levels are investigated: normal, low, and high. Definitions of those pressure levels are subjective rather than objective because it is impossible to instruct people to behave according to any numerical pressure measurements. The number of available seats is used as an indication of this stress level. In comparison with age or gender, luggage load appears to be a more distinctive feature when defining the heterogeneity of pedestrian flows. Heavy luggage reduces the mobility of passengers, particularly in severe conditions such as stairways. In these experiments, the boarding and alighting behavior of passengers with and without luggage are observed. Suitcases, the most common type of luggage carried by train passengers, are the only type of luggage used in the experiments. A typical boarding and alighting process involves an exchange of positions between boarding and alighting passengers. The interaction between passengers of those two groups may be determined by their absolute and relative group sizes. In the experiments, situations involving 0, 5, 10, 15, and 30 boarding passengers are considered. In each experiment, the number of alighting passengers is determined taking into account the boarding ratio (0-1).
Depending on the area or country observed, passengers may form linear queues or bulk queues on the platform. Field observations at Dutch railway stations show bulk queues. However, to investigate the net effects of orderly queues on the whole boarding and alighting process, experiments with highly disciplined passengers are conducted to allow a comparison.
The final variable in Table 1 concerns the prevailing traffic conditions or crowding effect. Crowdedness both in vehicles and on platforms increases the difficulty for passengers to board and alight. According to Lee et al. (1) the difficulty in loading or offloading an extra passenger from a crowded vehicle increases when the crowd increases. This effect can be described by a so-called marginal boarding or alighting time model. In the experiments the influence of onboard crowding on the boarding and alighting behavior is studied. Situations with onboard densities of 0-5 passengers (P) per square meter are studied in this project. The main purpose of this experiment is to quantify the relationship between marginal boarding time and onboard density, including determining the value of the critical and the maximum density for the Dutch population.
These considerations lead to the experimental scenarios shown in Table 2 . The second column in this table indicates which wooden block is used in the experiment (in total, two blocks are available in the laboratory; see next section); the final column indicates how many times an experiment has been performed.
PERFORMANCE OF THE EXPERIMENTS
In this section the laboratory, observation techniques, participants, and course of the experiments are described.
Laboratory
A temporary boarding and alighting laboratory was set up in the Stevin Laboratory of Delft University of Technology to represent a typical boarding and alighting environment in railway stations. The laboratory consisted of two vehicle blocks and two platforms (see Figure 2 ). Two tailor-made wooden blocks (3 m × 3 m × 2.54 m) represent train vestibules in the experiments. Detailed treatments such as movable floors and side wall elements permit changing the vertical height between platforms and vehicle floors and the door width in short periods of time. The double configuration allows studying the effects of two different height differences between vehicle floors and platforms (i.e., H1 and H2) at the same time.
Observation Methodology
The measurements were recorded using photographic equipment that allowed (automatic) extraction of data afterward. One digital (DC) and four analog cameras (C1-C4) were installed to record the entire course of the experiments (see Figure 3) .
The digital camera was attached to the ceiling of the laboratory (about 10 m high), which allowed the observation of an area of approximately 10 × 10 m 2 . The boarding and alighting laboratory, including two platforms and two vehicle blocks, is located inside this coverage area.
The analog cameras, C1-C4, were installed at both sides of the laboratory (about 5 m high) and focused on doorway movements. The observation angles of these cameras made it possible to observe personal IDs (i.e., shirt numbers), cap colors, and luggage conditions from the images.
Participants
About 80 people took part in the experiments. Among those participants, about 60 people stayed for the whole day; the other 20 took part only in either the morning or the afternoon session.
Although the population covers a wide age range (from 16 to 81), the majority are people over 50 years old. The population is composed of 10% youth (0-20), 60% adult (20-65), and 30% elderly (>65). With regard to gender, about 40% are male and 60% are female. Because the participants consisted of a random selection of the Dutch population, the laboratory group contained both regular commuters and nonregular public transport users. The exact distribution between both groups is unknown.
Course of the Experiments
The experiments included a morning and an afternoon session. The morning session (09:00-12:30) was composed of 12 scenarios (Experiments 1-12) . Experiments in this session investigated the impacts of the first five experimental variables: stepping gap, height difference, door width, luggage load, and time pressure. The afternoon session (13:45-17:00) concerned 13 scenarios (Experiments 13-25) . Experiments in this session focused on the impact of the last four experimental variables: boarding discipline, crowding effects, and boarding and alighting group sizes. On the basis of the experiment design concepts, the experiments can be divided into three categories:
• Circulation experiments (Experiments 1-12), • Crowding experiment (Experiment 13), and • Interaction experiments (Experiments 14-25).
The principles of each experiment type are shown in Figure 4 (4a and 4b describe the circulation experiments, 4c and 4d describe the crowding experiments, and 4e and 4f describe the interaction experiments) and briefly explained in the following.
In the circulation experiments, the influences of doorway configurations and passenger factors on the boarding and alighting behavior of individual passengers are studied. Interactions between boarding and alighting passengers are not included in those experiments. The design concept is very simple. Basically, participants are asked to keep circulating throughout the laboratory area so that their boarding and alighting movements can be observed whenever they reach the doorways of the two vehicle blocks. To control the flows, participants are asked to circulate in either one of the three circulation patterns shown in Figure 4a . Different circulation patterns are used to correspond to different approaches of passengers to the door. The assignment of circulation patterns is random and is done on a group basis. To create clustered boarding and alighting situations but to avoid crowding effects in vehicles, each experiment was started with individual groups standing at one of the four starting positions A, B, D, and E. The duration of one single experiment was limited to 2.5 min. To obtain sufficient measurements, each scenario was performed twice
The crowding experiment studies the effects of vestibule crowding on boarding and alighting behavior. Two repetitions were conducted to increase the sample size. In each experiment, every group is taking a virtual train trip on a train line consisting of 10 stations. Participants are given their travel plan containing information on their travel origin (i.e., boarding station) and destination (i.e., alighting station). The experiment starts by adding people to an empty train vehicle (standing area about 9 m 2 ) at Virtual Station 1. At each of the first five stations about 10 participants board the train; this gives density increases of about 1 P/m 2 . At the end of the boarding process at Station 5, the onboard density has reached the maximum acceptable to participants (5 P/m 2 ). Then, passengers alight when the train "arrives" at Station 6. Similar to the loading situation, density decreases of 1 P/m 2 are realized by removing 10 participants from the vehicle block at each of the subsequent stations (i.e., Stations 6-10). The alighting order is arbitrary to prevent last-in-first-out and to provoke movements inside the vehicle under high densities.
The interaction experiments (Experiments 14-25) aim at investigating the influence of interactions between boarding and alighting passengers. These interactions may be determined by the number of boarding passengers, the number of alighting passengers, and their disciplinary behavior. First, influences of group size are studied in a series of scenarios involving boarding and alighting passengers (Experiments 14-24). The size of boarding and alighting groups varies from scenario to scenario, and for each scenario three repetitions are conducted. Each experiment started with alighting passengers in the vehicle and boarding passengers on the platform. Once the train door was opened, people started to alight from and board the train. Initiatives of boarding and alighting were left completely to the participants. To see whether orderly queues positively influence boarding and alighting times, boarding passengers are instructed in the final scenario (Experiment 25) to form orderly queues at the two sides of an access door and give space to alighting passengers. 
DATA EXTRACTION
Before data analyses can be performed, the data should be extracted from the video images and stored in a convenient format. Two types of data have been collected: trajectory data of individual pedestrians and their personal characteristics such as age. A pedestrian's trajectory is the path the pedestrian follows as he or she moves. Microscopic traffic characteristics of a pedestrian flow (e.g., time headways) can be measured if trajectories of all pedestrians in the flow are available. For instance, capacities of vehicle doors can be analyzed by measuring headways of boarding and alighting flows, and space use of passengers on platforms can be investigated by examining densities of waiting crowds in front of the doors. A selection of trajectory data from Experiment 8 is shown in Figure 5 .
To extract these two types of data from the video images, two different approaches were applied. The trajectory data were extracted using dedicated pedestrian detection and tracking software devel- Daamen, Lee, and Wiggenraad 77 oped at the Dutch Department of Transport and Planning. The personal characteristics were registered manually and coupled to the trajectories.
PRELIMINARY DATA ANALYSES
In this paper two types of analyses will be discussed to determine the capacities of train doors for boarding and alighting passenger flows under a variety of conditions. The focus will be on Experiments 1 to 8, varying horizontal and vertical gaps and whether or not passengers carry luggage. From traffic flow theory it is known that capacities relate to the headways of passengers in the door. In the present experiments, two wooden blocks are used to observe four doors at the same time. The blocks have similar horizontal gaps, but different vertical gaps. Furthermore, in each block boarding and alighting can be observed. Headways are calculated at the side of each block, that is, between the steps (if present) and the horizontal gap to the platform. Headway distributions for Experiment 2 are shown in Figure 6 . In the figure, it can be seen (as expected) that alighting headways are shorter than boarding headways, indicating that door capacities are higher when passengers are only alighting than when they are boarding. There is no obvious difference in headways for the different vertical gaps. The capacity observed for boarding is the so-called queue discharge capacity, which is the flow through the door when passengers are queuing in front of the vehicle door. In the experiments, this was always the case because of the initial load of each door. Densities in the vehicle were lower and depended on the inflow in the vehicle and thus on the boarding capacity. Therefore, the capacities for alighting cannot be derived directly from cumulative curves, but should be calculated using a composite headway model. That is outside the scope of this paper. The queue discharge capacity is best derived from cumulative curves. A cumulative curve describes the time moments that passengers pass a given cross section, in this case the boundary of the block (identical to the cross section used to derive the headway distribution presented before). Figure 7a shows the cumulative curves for both vehicle blocks in Experiment 5 (Block 1 on top, Block 2 below). The two repetitions of each experiment are shown separately: the solid line for the first run and the dotted line for the second run. Because the runs do not differ, the cumulative curves should be similar as well. This can indeed be seen in the figure. The horizontal shift between the lines indicates a different start moment of the curve to better compare the form. Finally, the difference is shown between the boarding and alighting curves. It can be seen that the alighting curve follows the boarding curve quite closely, indicating that the input for the alighting is indeed determined by the boarding.
As indicated before, the focus will be on the capacity of the doors through which passengers are boarding, because these doors are loaded up to saturation. The capacity of the door is then determined by the line through the start and end points of the cumulative curves. This is the maximum number of passengers that was able to pass the door when there was a continuous supply of passengers as a result of the congestion. The correspondence between this estimate and the cumulative curves is shown in Figure 7b . When passengers carry luggage, individual passengers may take a long time to board (which can lead to long headways in the boarding door) or alight (leading to a bit of congestion inside the vehicle). This leads to deviations between the estimated capacity line and the cumulative curve, but these are part of the process and thus included in the calculations. The slope of the estimated line indicates the door capacity. An overview of the calculated capacities in Experiments 1 to 8 can be found in Table 3 .
As expected, it can be seen that the capacity decreases when the vertical gap increases. Capacity also decreases when the horizontal gap increases. The only exceptions are small vertical gaps, for which it can be seen that the capacity slightly increases when the horizontal gap increases. This is the case only when passengers carry luggage, so they move slower anyway. The most significant influence is, however, the presence of luggage. The capacity decrease can be up to 25%. For a similar vertical gap, the effect of an increase in the horizontal gap is higher in the case of passengers with luggage than in the case without luggage. However, the difference between the vertical gaps is larger.
CONCLUSIONS AND FUTURE WORK
Vehicle dwell time is an important determinant of the system performance and passenger service quality of public transport systems. Adequate vehicle dwell time prediction models are required in timetable planning and in pedestrian simulation tools to optimize station design and rolling stock design. Because most of the dwell time is consumed by boarding and alighting, this paper focuses on increasing insights into boarding and alighting behavior in railroad vehicles by performing laboratory experiments.
In the experiments effects are tested of the physical environment (stepping gap and height difference between platform and vehicle floor and door width), population and flow composition [movement direction (boarding or alighting), time pressure, luggage, boarding group size, boarding ratio, queuing discipline] and prevailing traffic conditions (crowding on board). A temporary laboratory was built in the Stevin Laboratory of the Delft University of Technology, consisting of two wooden blocks representing train vestibules and two platforms. Eighty participants took part in the experiments, which were recorded using several video cameras. Data were then subtracted automatically from the video images by using dedicated pedestrian identification and tracking software developed at the Department of Transport and Planning. The results are trajectory data (pedestrian positions over time) and the corresponding personal characteristics.
With the use of headway distributions and cumulative curves, door capacities have been estimated as a function of horizontal and vertical gap and the presence of luggage. Increasing the horizontal and vertical gap leads to decreases in the capacity (up to 15%). When passengers with luggage (suitcases) are present, the capacity decreases more (up to 25%).
Because no congestion occurred in front of the alighting doors, cumulative curves cannot be used to estimate the door capacity. These capacities will be estimated using a composite headway model, for which the headways have already been defined. Future work will also consist of analyzing the data of the remaining four circulation experiments and the crowding and interaction experiments. From the latter, evidence may be found for the marginal boarding and alighting time model and the values for the characteristic points (critical and maximum densities). The relations between the different characteristics and the boarding and alighting times can then be modeled. The resulting models can be applied in timetable design and train operation planning and management. Also, these models will be included in the pedestrian simulation tool to obtain a better prediction of platform load and the consequences for station design. This paper focused on boarding and alighting of physically able people. More and more attention is being paid to the question of whether people with different impairments, for example, those who use wheelchairs, can use public transport. A laboratory experiment focusing on which gaps people with wheeled mobility aids are able to bridge is presented in another paper (13) . Another aspect that has not been considered in this paper is the vehicle interior. In doubledecker vehicles, stairs inside the vehicle may cause congestion and reduce the throughput of the vehicle doors. The effects of the vehicle Daamen, Lee, and Wiggenraad 81 interior on the passenger flows are a subject for future research. Furthermore, the laboratory results will be compared with previously collected field data on Dutch train stations.
